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500a Tuesday, February 28, 2012(maximum effect seen at ~ 0.25mol% peptide or 6 peptides/vesicle). R696L
peptide had no effect on k3 and a very minor effect on k1. At this concentration,
CD spectroscopy showed the WT peptide to be ~ 39% helix, 39% unordered,
and 22% b-sheet, but to increase in b- and decrease in a-content at high pep-
tide/lipid ratios up to 1/50. Neither peptide affected the extent of content mix-
ing, but the R696L mutant actually inhibited the extent of lipid mixing. The
native but not the mutant peptide increased the probability of content mixing
in the stalk intermediate. Studies with hexadecane as a space-filling agent
showed that the TMD peptide was unlikely to promote fusion by this mecha-
nism. Analysis of transition state thermodynamics suggests that the TMD
may disrupt interfacial packing so as to promote penetration of lipid acyl chains
into the inter-bilayer space as a means of catalyzing stalk formation. Supported
by NIGMS grant 32707 to BRL.
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Synaptobrevin (SB), a membrane anchored protein in the neuronal cell mem-
brane, complexes with syntaxin (SX) and SNAP-25 to facilitate membrane fu-
sion in neurotransmitter release. SB and SX promote Poly(ethylene glycol)
(PEG)-mediated fusion whether or not they are assembled into a SNARE com-
plex (Dennison et al., BJ, 2006, 1661). Viral fusion protein trans-membrane do-
mains (TMDs) enhance the fusion. Thus, we hypothesized that the SB-TMD
may also affect fusion kinetics. The kinetics of PEG-mediated fusion of
DOPC/DOPE/sphingomyelin/cholesterol/DOPS (32/25/15/20/8) 25 nm vesi-
cles (SUVs) was examined in the presence and absence of SB TMD. Lipid mix-
ing (LM), contents mixing (CM) and leakage (L) time courses were fitted
globally to a 3-state sequential model (Weinreb & Lentz, BJ, 2007, 4012),
from which we obtained estimates of rate constants for conversion between
states as well as probabilities of LM, CM and L for each state. SB TMD en-
hanced the rates of ‘‘stalk’’ and fusion pore (FP) formation in a cooperative
fashion (maximum effect at 3 peptide/vesicle). TMD ordered the bilayer inte-
rior in a similarly cooperative fashion. The effects of hexadecane and TMD on
fusion kinetics were quite distinct and not mutual. SB TMD increased the prob-
ability of both LM and CM in the initial intermediate, suggesting that it pro-
moted formation of transient pores before the final pore state. Transition
state thermodynamic changes indicate that the effects on ‘‘stalk’’ and FP forma-
tion involved different mechanism, although both showed that in presence of
TMD the change in entropy is always greater than enthalpy. Supported by
NIH grant GM32707 to BRL.
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Membrane fusion is ubiquitous in life requiring remodeling of two phospho-
lipid bilayers. As supported by many experimental results and theoretical anal-
yses, merging of membranes seems to proceed via similar sequential
intermediates. Contacting membranes form a stalk between the proximal leaf-
lets which expand radially into a hemifusion diaphragm (HD) and subsequently
open to a fusion pore. Direct experimental verification of the HD is difficult due
to its transient nature. Using confocal fluorescence microscopy we have inves-
tigated the fusion of giant unilamellar vesicles (GUVs) containing fluorescent
membrane protein anchors and fluorescent lipid analogues in the presence of
divalent cations. Time resolved imaging revealed that fusion was preceded
by displacement of peptides and lipid analogues from the GUV-GUV contact
region being of several Aˆmm in size. A detailed analysis showed that this struc-
ture is consistent with the formation of an HD. A quantitative model of the hem-
ifusion equilibrium and kinetics of the growing HD was developed. Bilayer
tension could be shown to drive HD expansion and interleaflet tension was
found to act as a counterforce, because the outer leaflets are compressed
upon HD growth. The model and its predictions fit nicely with observations
above. In addition we are currently investigating the influence of membrane
tension on the fusion pathway directly using the GUV systemwithin a microma-
nipulation approach.
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Cornell, Ithaca, NY, USA.Stochastic kinetic data of binding and fusion of X31 influenza virus to a target
membrane was obtained using individual-virion imaging techniques and com-
pared to a stochastic simulation model to assess the rate limiting steps in viral
fusion. Experiments were conducted inside a microfluidic channel where total
internal reflection fluorescence microscopy was used to observe individual vi-
rions interacting with a supported lipid bilayer containing sialic acid receptors.
The residence time of bound viruses was measured and used to determine the
binding rate constants. Following the binding studies, an acidic solution was in-
troduced into the microfluidic device to trigger viral fusion. Fusion events were
detected through the dequenching of fluorescent membrane dye. Using standard
procedures to analyze the fusion kinetic data, we obtain two fit parameters de-
noted as k and N. One common interpretation of the fit parameters is that k rep-
resents the rate constant of the slowest step in the fusion process while N
represents the number of parallel steps required to initiate fusion. N is usually
greater than 1 since viral fusion requires multiple fusion proteins to act in par-
allel to overcome the energy barrier of membrane fusion. However, we find that
N approaches values closer to 1 if a more acidic solution is used to trigger fu-
sion, suggesting that another interpretation of N might be appropriate. We dis-
cuss these possibilities here.
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The close opposition of membranes needed for fusion is initiated by the forma-
tion of local protrusions. In viral fusion, the protrusions should be generated by
several fusion proteins acting cooperatively within a cluster. We start with two
parallel planar membranes and show that membrane elasticity alone can spon-
taneously cause several fusion proteins to self-organize into a cylindrically
symmetric cluster that consists of three to six proteins cluster, independent
of specific short-range protein-protein interactions. In essence, fusion proteins
induce membrane bending which then brings the proteins together, creating
more bending – a positive feedback system. Calculations of energy minimiza-
tion yield the following progression of protein arrangements: Three proteins
initially arrange at the vertices of an equilateral triangle. Cluster formation con-
tinues by three additional proteins symmetrically arranging at the vertices of
a more distal equilateral triangle that surrounds the three central proteins. These
distal proteins move toward, and the central proteins away, from the center,
yielding a cluster of six proteins arranged hexagonally on a circle. The energy
needed to bend membranes into protrusions is supplied by the proteins in the
cluster; continuum elasticity theory is used to calculate this energy. The total
energy consists of the change in elastic energy of membrane deformation
and the energy generated by an osmotic pressure difference that arises because
the density of proteins outside the cluster is greater than the zero density inside
cluster. The minimum energy is 75 kT for a cluster radius of 15 nm. The min-
imal energy per protein is 12 kT, which is a reasonable estimate.
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Intrinsic to measuring insulin-stimulated GLUT4 translocation to the plasma
membrane (PM) using total internal reflection fluorescence microscope
(TIRFM) is the inability to differentiate intensity increment contributed by ves-
icles approaching the PM and GLUT4 molecules being inserted into the PM.
Here, we combined IRAP-GFP probe, which exposes GFP to extracellular en-
vironment after GLUT4 vesicles fuse with the PM, with bromophenol blue
(BPB), which quenches GFP fluorescence when in contact with it, trying to de-
lineate the contribution of these two steps. It is found that insulin stimulation
dramatically increased IRAP molecules localizing on the PM whereas
GLUT4 vesicle density beneath the PM had little change through the translo-
cation process. Therefore, we suggest that the fusion efficiency of GLUT4 ves-
icles at the PM is enhanced so much by insulin that GLUT4 vesicles barely
accumulate underneath the PM.
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Tuesday, February 28, 2012 501aBiological membranes remodel and change shape in processes like endocytosis,
exocytosis, hemifusion, and the expansion of fusion pores. Since the length
scale of these processes is generally quite small, computational models are
needed to resolve the time course of the membrane. Over the past few decades,
physicists and mathematicians have developed variational methods for study-
ing time dependent changes in materials like lipid membranes. Building on
a model of a single lipidic pore in a vesicle membrane, we direct the variational
approach to the study of fusion pores. A fusion pore is a toroidal structure
which connects two planar bilayers. The variational approach calculates the
time dependent shape of the fusion pore–the precise shape of the pore that min-
imizes the membrane energy can be calculated using the variational method.
The shape of the fusion pore is a solution to the equations of motion which in-
clude the surface forces induced by the classical Helfrich energy of the mem-
brane. The energetics involved in the fusion pore expansion are determined as
a function of the lipid composition and initial conditions. The model is based on
a diffusive interface and director field approach which determines the position
and energy of the membrane. The diffusive interface specifies the material
properties of lipid and water, accounts for the lipid movements, and is the basis
for deriving the equations of motion.
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While the importance of membrane fusion is long established, the mechanism
of membrane fusion is not yet fully understood. Proteins mediate biomembrane
fusion, but membrane lipid composition also has a significant role. In order to
understand the role of lipid composition in membrane fusion we have studied
fusion between fusogenic (PC/PE/SM/CH) and non-fusogenic (DOPC) model
membranes. We followed recorded the time courses of lipid mixing, content
mixing and content leakage using fluorescence-based assays and then fitted
these data to either a two-intermediate or one-intermediate kinetic model.
We also examined the effect of negatively charged phosphatidylserine (PS)
added to the fusogenic vesicles involved in asymmetric fusion. Our results
showed that symmetric fusion between fusogenic membranes is faster and
more complete than asymmetric fusion. However, the presence of PS in the fu-
sogenic membrane led to asymmetric fusion being faster than symmetric fusion
between PS-containing fusogenic membranes.
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The traditional view of endocytosis has focused on the biochemical machinery
involved in the process. Here, we focus on the role of mesoscale properties of
the plasma membrane in determining the dynamic and equilibrium configura-
tions of the endocytic site. One important lipid-level property is the ability of
a lipid to tilt away from the normal to the plane of the membrane. We hypoth-
esize that the lipid tilt degree of freedom is critical for lowering the energy bar-
rier for membrane tubulation and vesicle scission. To test our hypothesis, we
have developed a continuum model of lipid tilt, where the membrane energy
depends on curvature, tilt and tilt gradient. Our model is novel in that it sub-
sumes previously used theoretical models of membranes of the Helfrich-type
models, which emerge as special cases of our model. Using our model, we
are able to show that introduction of tilt and spontaneous curvature can lead
to asymmetric shapes even in a 1-D formulation. Thus, tilt and tilt gradient
are important for symmetry breaking. Our research in now focused on under-
standing the role of tilt in generating neck constriction at the interface of two
different lipid phases and vesicle scission and carrying out simulations in
3-D. We believe that the asymmetry introduced by tilt and tilt gradient are im-
portant means to lowering the energy barrier to a membrane fusion or fission
pathway. The results from our model will provide insights into the role of me-
soscale properties of lipids in governing the macroscale properties of mem-
brane shape and topology.
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The acidic interior of endosomes is the trigger for fusion of viruses within this
organelle. Whether conditions of endosomal interiors, in addition to low pH,
regulate the extent of fusion has not been well explored. The redox potential(RP) within an endosome is regulated by NADPH oxidase and the RP varies
according to endosome type. We have investigated whether RP can affect fu-
sion by fusing cells expressing a viral fusion protein to target cells, varying
the RP of the external solution. The RP was varied, and clamped, from 150
mV to 0 mV by altering the ratio of Cys/Cyss; cytochrome c was used to estab-
lish positive RPs in the external solution. For the class II and class III fusion
proteins tested, the more reducing (negative RP) the solution, the greater was
the extent of fusion. That is, the extent of fusion varied greatly with RP. The
pH-dependence of fusion was, however, independent of RP. For the tested class
I fusion proteins, including influenza HA which utilizes the low pH within en-
dosomes, fusion was independent of external redox potentials. To identify the
stage(s) of fusion at which redox potentials are consequential, we created
a hemifusion intermediate, varying the RP upstream and downstream of the in-
termediate. The creation of hemifusion was strongly dependent on the RP; the
transition from hemifusion to full fusion was less dependent on the RP. There-
fore, RPs have strong control on early steps in the fusion process, but only weak
control of late steps.
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Previously we have shown that cell-cell fusion mediated by Class II and Class
III proteins is voltage-dependent, whereas fusion of cells expressing Class I fu-
sion protein is not affected by voltage. Moreover, by testing chimeras consist-
ing of the ectodomain of a Class I protein and the transmembrane domain
(TMD) of a Class III protein, we found that TMD was the candidate for the
voltage sensor in fusion mediated by Class II and Class III viral proteins.
We hypothesized that, since flip-flop of acidic lipids inherently potential-
dependent, incorporation of these lipids into a target membrane should facili-
tate the fusion at trans-positive membrane potential through affecting the TMD.
To test this hypothesis we incorporated a fluorescent acidic lipid (NBD-PG)
into target cells membrane and allowed fusion with VSV-G effector cells main-
tained at negative (40mV) or positive potential (þ40mV) created by the ion-
ophore, SQI-Pr.
We determined that when NPD-PG was present in the target (or effector) cell
membranes, the extent of fusion was the same at negative and positive poten-
tials, whereas fusion with untreated cells was inhibited in the presence of
ionophore.
Our result show that accumulation of acidic lipids in membranes during fusion
directly affects to potential-dependence of fusion.
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Gene therapy is a promising new approach for medicine, and able to target
a wide variety of diseases. [1]. Cationic liposome (CL)-DNA complexes
(also known as lipoplexes) are desirable non-viral gene vectors because of
low immunogenicity, ease of scale-up procedures, etc.. To be viable for
in vivo applications, CL-DNA complexes need to be stable in circulation, which
can be achieved by addition of poly-(ethylene glycol) (PEG)-lipids. Unfortu-
nately, PEG-lipids interfere with complex-cell membrane interactions that
are vital for particle attachment and uptake and can inhibit membrane fusion
required for endosomal escape. The benefit of increased stability from PEG-
lipids, thus, comes at the cost of a reduction in transfection efficiency (TE).
To recover the resulting loss in TE, we have designed and synthesized a hydro-
lysable acid-labile PEG-lipid (HPEG-lipid, PEG MW 2000) which is stable at
physiological pH, but is cleaved at low pH. The natural acidification process of
endosomes will liberate the PEG from the lipoplexes. We have studied the col-
loidal stability and transfection efficiency of these HPEG-lipoplexes in mam-
malian cell cultures. The acid sensitivity and the colloidal stability were
characterized by TLC and dynamic light scattering, respectively. The HPEG-
lipid is stable at neutral pH for more than 24 h, but degrades completely within
1 h at pH 4, leading to particle aggregation. HPEG-lipoplexes show lower
